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Themes

1) Microbes	can	sometimes	explain	puzzling	phenomena,	like	

• Weird	sex	ratios
• Population	cycles
• Oviposition	preferences	and	other	behaviors
• Caterpillar	melting,	glowing,	and	smells

2) Lep	parasites	and	pathogens	are	diverse	and	interesting!



Outline

a) A	bit	of	history:	Pasteur	and	silkworm	disease
b) Bacteria:	Wolbachia,	a	common	reproductive	parasite
c) Viruses:	baculoviruses	and	gypsy	moths
d) Protozoa:	Ophryocystis	elektroscirrha and	monarchs
e) Fungi:	Ophiocordyceps	and	himalayan	hepialid	larvae
f) Nematodes	that	attack	caterpillars

g) Gut	microbiomes	in	Lepidoptera



Pasteur	and	silkworm	disease



Different	microorganisms	
cause	different	diseases,	and	
require	different	treatments

“Pebrine”	(microsporidian) “Flacherie”	(bacteria	and/or	virus)

Antherea	assamensis	(Muga	silkworm)



Wolbachia and	sex	ratios

Hypolimnas	bolina	male

1920’s:	entomologists	on	Fiji	and	
Samoa	observe	extremely	female-
biased	sex	ratios

90%	of	females	lay	broods	in	
which	half	the	eggs	never	hatch;	
surviving	offspring	all	female	

Wolbachia selectively	kills	male	embryos Charlat	et	al.	Science	2006



Spread	of	a	suppressor	gene	reveals	another	Wolbachia
trick:	cytoplasmic	incompatibility

♀♂♀♂

♀♂ ♀♂

✅ 🚫

✅ ✅

Hornett	et	al.	Evolution	2008

Feminization	of	genetic	
males	can	also	occur!



How	common	is	Wolbachia	in	Lepidoptera?

that adults obtain nectar from flowers or tree sap [41], if
these food sources are possible ways to mediate cross-
infection in different populations and species [42].
In arthropods, bacterial infection frequencies can be

influenced by abiotic factors, such as geographical loca-
tion and climate condition [43–46], or by biotic factors
such as host genetic variation and competition with
other endosymbionts on the same host [47, 48]. We
found no correlation between Wolbachia infection fre-
quency and phylogenetic relatedness of lepidopteran
host groups. However, there was a significant correlation
between infection frequency and host geography. Wolba-
chia infection of lepidopteran species has been known to
differ between geographical regions [20], though not
substantially, and other arthropod groups have shown
no evidence of geographical variation [20, 22]. Our study
revealed that Wolbachia infection frequencies in Lepi-
doptera are higher at lower absolute latitudes, suggesting
that infection is greater in warmer climates (Fig. 2). This
result is in agreement with the findings of Toju and
Fukatsu [45], who observed high Wolbachia infection
frequencies in weevils that were found in climates with
higher temperature. However, Liu et al. [44] and Morag
et al. [46] found that the higher infection frequencies
occur in regions with moderate climatic conditions, as
opposed to geographic regions with extreme climates.
Furthermore, Sumi et al. [49] found no seasonal effect
on Wolbachia infection in the butterfly Pseudozizeeria
maha (Lycaenidae). Our results seem difficult to reconcile
with experimental demonstrations that increasing temper-
atures reduce Wolbachia infection frequencies [50–53].

However, latitudinal gradients are also correlated with add-
itional factors, such as species densities and their interac-
tions [54], so there are other plausible explanations for the
correlation between Wolbachia infection and absolute lati-
tude, such as climatic factors. This study serves as a foun-
dation for future research that can provide more insight
into the factors that impact Wolbachia and its interactions
with Lepidoptera.

Conclusion
We collated data from what we believe are all published
sources of Wolbachia infection in Lepidoptera. We esti-
mate that around 80 % of species and from a quarter to
a third of individuals are infected at non-negligible fre-
quency. We found no evidence that closely related taxo-
nomic groups show similar infection levels, but we did
find geographical variation, with closer locations tending
to show similar infection levels. We also show that lati-
tudinal gradient appears to be an important factor in in-
fection level, with lower frequencies towards higher
latitudes. Our study is the first to show such a latitudinal
gradient in Wolbachia infection at such a broad taxo-
nomic and geographic scale, and suggests that symbiont
infection might be predictable from ecological variables.

Additional files

Additional file 1: Table S1. Survey of Wolbachia infection in Lepidoptera.
The details of host taxonomy, its geography and its infection status along
with references.

Fig. 3 Distribution of Wolbachia mapped on the Lepidoptera phylogeny of Regier et al. [33] Moment-based estimators of prevalence (μ), and
incidence (xc), are shown in green and grey respectively. For Gracillarioidea and Gracillariidae, the moment-based estimation method rendered
nonsensical negative parameter estimates, and so these are not shown

Ahmed et al. Frontiers in Zoology  (2015) 12:16 Page 7 of 9

Ahmed	et	al.	Front	Zool	2015

Prop.	species	infected

Prop.	individuals	
infected



modifiedfeedingbehaviour.Indeed,whereasinsects
originatingfromuntreated,0.25or0.50percentanti-
biotic-fedfemalesconsumedonanaverage15–19%of
tissueswithintheminebytheendofthefourthinstar

(L4),larvaefrom1percentantibiotic-fedfemales
consumedabout70percentofleaftissueswithinthe
mineduringthesameamountoftime(Kruskal–Wallis
test:p,0.05)(tetracyclinetreatment,figure3c).

G1 from antibiotic-treated insects

EF1-a
(control)

16S
(universal bacterial detection)

wsp
(Wolbachia detection)

EF1-a
(control)

16S
(universal bacterial detection)

wsp
(Wolbachia detection)

G1 from untreated insects (a)

(b)

Figure1.InfluenceofWolbachiaongreen-islandformation.(a)Appletreeleavesinfectedwiththetentiformleaf-minerPhyllonorycter
blancardellainautumn.Offspring(G1)obtainedfromuntreatedcontrolsandantibiotic-treatedadultsshowdistinctfeedingbehaviours
andemergencesuccessinautumnalconditions.Ontheleftpanel,untreatedindividualsinducegreen-islandsonhostplants.Thefeed-
ingareaexhibitsintactgreenchlorophyll-containingtissues,whiletheremainingleaftissuesundergoleafsenescence.Thewhitespots
ontheminearefeedingwindows,whereallbuttheepidermishasbeenconsumedbythecaterpillar.Ontherightpanel,larvaefrom
antibiotic-treatedindividualsareunabletoinducegreen-islandsandconsumealmosttheentireamountoftissuespresentwithinthe
mineleavingmostlynon-nutritionalepidermalcellsonly.(b)RepresentativePCRamplificationsfromoffspringobtainedfromnon-
treated(leftpanel)andantibiotic-treatedindividuals(rightpanel)withtheinsectEF1-aprimers,universalbacterial16SrRNApri-
mersandWolbachia-specificwspprimers.16SrRNA-amplifiedproductscorrespondtoWolbachia,onlyaveryfaintsignalcouldbe
detectedinantibiotic-treatedindividuals.Nowspamplificationwasdetectedintreatedindividuals.

2316W.Kaiseretal.Leafmanipulationbyinsectsymbionts

Proc.R.Soc.B(2010)

Is	Wolbachia	always	a	parasite?

Kaiser	et	al.	Proc.	B	2010
Spotted	tentiform	leafminer
Phyllonorycter	blancardella (Gracillariidae)



Viral	epizootics	cause	gypsy	moth	population	cycles

consume foliage contaminated with infectious cadavers14. Although
baculoviruses infect only larvae, multiple rounds of transmission
within a generation can lead to high infection rates, and so
epidemics are often severe in high-density defoliator popu-
lations1,15,16. Infected larvae are converted into infectious cadavers,
and pathogens are reintroduced into defoliator populations the
following year when hatchlings encounter infectious particles from
the previous year17. Previous work has shown that these dynamics
can be accurately predicted by a standard epidemicmodel, modified
to allow for variability in susceptibility among hosts18. The fraction
of infected hosts, I, in such a model can be closely approximated by

the following implicit expression, derived by assuming that the
epidemic proceeds until no further infections occur19:

12 IðNt ;ZtÞ ¼ 1þ !n

mk
ðNtIðNt ;ZtÞ þ rZtÞ

! "2k

ð1Þ

Here Nt and Zt are host and pathogen densities in generation t, m
is the rate at which cadavers lose infectiousness, and r is the
susceptibility of hatchlings relative to later-stage larvae. To allow
for variability in susceptibility among larvae, transmission rates in
the model follow a gamma distribution with average transmission
!n and inverse squared coefficient of variation k. Because most
outbreaking defoliators have only one generation per year20,
generations are discrete. Between model generations, surviving
defoliators lay eggs, and virus particles must survive in the environ-
ment until new host larvae hatch. The host–pathogen model is
therefore

Ntþ1 ¼ lNtð12 IðNt ;ZtÞÞ ð2Þ

Ztþ1 ¼ fNtIðNt ;ZtÞ ð3Þ
Here l is net defoliator fecundity, f is pathogen over-winter survival,
and I is calculated using equation (1). For realistic parameter values,
this model shows long-period, large-amplitude cycles in defoliator
densities19. The period and amplitude of these cycles are similar to
those seen in time series for many outbreaking insects19, except that
the cycle period is muchmore regular in the model than in the data.
To see whether this discrepancy could be explained through the
addition of stochasticity, we multiplied the right-hand side of
equation (2) by a log-normally distributed random variable 1t ,
with median 1. The model cycles, however, are so robust that
stochasticity has only a modest effect (Fig. 1a).

We therefore modified the model to allow for a generalist
predator, because low-density defoliator populations often experi-
ence severe mortality from generalists such as birds7, spiders5, small
mammals6 or generalist parasitoids8,21. Generalists by definition rely
on multiple resources, and so, in contrast to specialists, their
densities respond weakly or not at all to changes in prey density.
A generalist’s attack rate can nevertheless respond to density, if, for
example, the generalist switches among prey items according to the
relative availability of each item22. Allowing for such behaviour

Figure 1 Comparison of model output with data for an outbreaking insect. a, Host–
pathogen model, equations (1)–(3). b, Gypsy moth defoliation in New Hampshire, USA.

c, Combined model, equations (1), (4) and (5). Parameter values are in the Methods, with
the addition that the standard deviation of loge of the forcing term 1t is 0.5. Model output

is scaled as described in the Methods. Note that the data give areas defoliated, whereas

the models give densities, so in comparing models with data we focus on the time

between outbreaks rather than on outbreak amplitudes.

Figure 2 Graphical representation of the combined model’s equilibria. The dark line is the
defoliator’s quasi-equilibrium population growth in the absence of the predator, and

the light line is the relative reduction in the defoliator growth rate due to the predator.

Circled intersections are equilibria.

letters to nature

NATURE |VOL 430 | 15 JULY 2004 | www.nature.com/nature342 ©  2004 Nature  Publishing Group

Time	(Generations)

Dwyer	et	al.	Nature	2004



Behavioral	manipulation

“Tree	top	disease”	known	for	>100	years

Mechanism:
• Larvae	normally	crawl	down	the	tree	to	molt
• Molting	regulated	by	the	hormone	20E
• Lymantria	dispar nucleopolyhedrovirus	

encodes	an	enzyme	that	inactivates	20E,	
disrupting	the	molting	cycle

• Infected	larvae	remain	in	the	canopy,	where	
they	liquefy	and	“rain”	viruses	below	

Hoover	et	al.	Science	2011



Ophryocystis	elektroscirrha and	monarch	butterflies

• Infects	>70%	of	non-migratory	
monarchs	in	S.	Florida

• Transmitted	vertically	(eggs)	and	
horizontally	(contaminated	foliage)

• Reduces	survival	and	adult	size,	
mating	success	and	lifespan	



The	parasite	is	vulnerable	to	cardenolides

Lefevre	et	al.	2012,	Sternberg	et	al.	2015

ELEANORE D. STERNBERG ET AL.
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Uninfected Monarchs
Infected Monarchs

Figure 2. Associations between milkweed cardenolide chemistry and the fitness of infected monarch butterflies. (A) Average total
cardenolide concentrations related linearly with monarch adult longevity (a fitness measure) when the outlier A. physocarpa was
excluded, and nonlinearly when A. physocarpa was included. (B) The tolerance of monarchs to parasites was associated with foliar
cardenolide concentration. Datapoints indicate milkweed species means, bars indicate ± SE; lines indicate least-squares regression lines.
(C) Milkweed species differed in the composition of cardenolides that they contained, separating in two-dimensional NMDS analysis.
(D) NMDS axis 2 tended to associate positively with longevity of infected monarchs and negatively with the longevity of uninfected
monarchs. This association was significant across all infected monarchs, but not significant for the mean longevities of infected and
uninfected monarchs.

observation that monarchs fed on plants with intermediate levels
of cardenolides exhibited increased longevity compared to monar-
chs that received either very small or large doses of cardenolides.
We found a significant quadratic relationship between the mean
longevity of infected monarchs and the mean cardenolide concen-
trations of their milkweed food (Fig. 2A; F2,9 = 3.01, linear term:
P = 0.037; quadratic term: P = 0.041, R2 = 0.40); the relationship
is linear when A. physocarpa is removed (F1,9 = 5.50, P = 0.044,
R2 = 0.38). We also found a significant association between
monarch disease tolerance (i.e., the slope of the regression of
adult longevity and spore load) and average milkweed cardeno-
lide concentration (Fig. 2B; F1,10 = 2.25, P = 0.047, R2 = 0.34).
Tolerance was also associated with cardenolide diversity (F1,10 =
2.98, P = 0.014, R2 = 0.47) but not with cardenolide polarity

(F1,10 = 1.46, P = 0.175, R2 = 0.176). Neither diversity nor
polarity was retained in a model that accounted first for the
effect of cardenolide concentration (P = 0.169 and P = 0.540,
respectively).

In addition to our analyses using the concentrations of carde-
nolides, we found that milkweed species differed dramatically in
their cardenolide compositions (PerMANOVA; F11,306 = 67.81,
P < 0.001, R2 = 0.71). These differences were plotted using an or-
dination technique, nonmetric multidimensional scaling (NMDS)
(McCune and Grace 2002), with a two-dimensional model sepa-
rating most milkweed species by their cardenolide compositions.
The exceptions were a cluster of four milkweed species with ex-
tremely low cardenolide concentration (Fig. 2C). NMDS axis 2
was positively associated with the longevity of infected monarchs
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A.	physocarpa

Infected	females	oviposit	on	
high-cardenolide	milkweeds

But	these	are	worse	
for	larval	growth!



Ophiocordyceps fungi	and	ghost	moth	
caterpillars	in	the	Himalayas

Thitarodes	sp.









http://www.danielwinkler.com/cordyceps_expedition.htm

Worth	$3,000	– $15,000	per	kg!



Aphrodisiac,	boosts	liver	and	kidney	function,	athletic	performance...	(supposedly)



Caterpillar-attacking	nematodes

1. Nematodes	find	and	enter	a	caterpillar,	then	vomit	or	defecate	symbiotic	bacteria
2. Bacteria	invade	and	kill	the	caterpillar
3. Nematode	eats	the	bacteria	and	reproduce	in	the	cadaver
4. The	caterpillar	turns	tan/brown	and	floppy	(steinernematid	infection),	or	turns	red,	glows	

in	the	dark,	and	smells	(heterorhabditid	infection)

“Angels’	Glow”



Themes

1)	Microbes	sometimes	explain	puzzling	phenomena,	like	...
• Weird	sex	ratios
• Population	cycles
• Oviposition	preferences	and	other	behaviors
• Caterpillar	melting,	glowing,	and	smells

2)	Lep	parasites	and	pathogens	are	diverse	and	interesting!





Do	caterpillars	have	mutualistic	gut	microbes?

“...a	group	in	which	no	symbiont-bearers	have	been	
discovered...	indeed,	even	extreme	lignivorous	forms	like	
Cossus have	not	learned	to	improve	their	position	by	
acquiring	symbionts.”	– Buchner,	1953

In	1911,	Portier	suggested	that	silkworms	may	benefit	
from	the	digestive	activity	of	microorganisms	ingested	
with	mulberry	leaves.



http://beawellgrassfedbeef.com/
Charis Tsevis Science (2015)



The	caterpillar	gut	microbiome:	a	low	abundance	of	transient
“tourists”	from	leaves



Appel,	Insect-Plant	Interactions	(1994)
Image	modified	from	Snodgrass	(1961)

• High	pH,	simple	gut	structure,	and	
fast	transit	time	prevent	growth
• Can	digest	and	detoxify	plant	
material	using	their	own	enzymes



Snodgrass	1961

No.6 CATERPILLAR AND BUTTERFLY-SNODGRASS 9

cavity and that there is no pharyngeal dilatation. All Lepidoptera that
feed in the adult stage, however, are provided with a sucking pump
in the head connected with the base of the proboscis and continuous
into the oesophagus. In a comparative study of the pump, Schmitt
( 1938) shows that the organ varies somewhat in size and structure in
different species, but is always operated by two sets of dilator muscles
separated by the frontal ganglion and its brain connectives. The
preganglion muscles arise on the clypeal region of the head, the post-

FIG. 4.-Alimentary canal of adult moths.
A, Malacosoma americanum. B, Sanninoidea ezitiosa.
alnt, anterior intestine; Mal, Malpighian tubules (not shown full length);

De, oesophagus; Rect, rectum; Vent, ventriculus; Ves, oesophageal vesicle.

ganglion muscles on the frontal region. The lepiclopterous food pump,
therefore, is a combination of the preoral cibarium and the postoral
pharynx. The same type of pump is described by Srivastava (1957)
in Papilio demoleus, and is strongly developed in the sphinx moth
(fig. 3 F, Pmp). Its principal dilator muscles (3,4,5) arise on the
frons (Fr) and are therefore pharyngeal, the anterior muscles (1,2)
arising on the clypeal region (CIP) are cibarial. The sucking pump
of the honey bee is also cibario-pharyngeal, but in most sucking insects
the pump is entirely cibarial.
In contrast to the· highly developed sucking apparatus, the alimen-

tary canal of adult Lepidoptera is much simplified, as might be ex-
pected of a nectar-feeding insect. In the moth of the tent caterpillar
(fig. 4 A), for example, the oesophagus (Oe) is a long slender tube

Might	be	a	different	story	in	(feeding)	adults!


